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Abstract: Diamond films are advanced engineering materials for various industrial applications
requiring a coating material with extremely high thermal conductivity and low electrical conductivity.
An approach for the synthesis of diamond films via high-speed jet deposition of thermally activated
gas has been applied. In this method, spatially separated high-speed flows of methane and hydrogen
were thermally activated, and methyl and hydrogen radicals were deposited on heated molybdenum
substrates. The morphology and structure of three diamond films were studied, which were
synthesized at a heating power of 900, 1700, or 1800 W, methane flow rate of 10 or 30 sccm, hydrogen
flow rate of 1500 or 3500 sccm, and duration of the synthesis from 1.5 to 3 h.The morphology and
electronic state of the carbon on the surface and in the bulk of the obtained films were analyzed by
scanning electron microscopy, Raman scattering, X-ray photoelectron, and near-edge X-ray absorption
fine structure spectroscopies. The diamond micro-crystals with a thick oxidized amorphous sp2-carbon
coating were grown at a heating power of 900 W and a hydrogen flow rate of 1500 sccm. The quality
of the crystals was improved, and the growth rate of the diamond film was increased seven times
when the heating power was 1700–1800 W and the methane and hydrogen flow rates were 30 and
3500 sccm, respectively. Defective octahedral diamond crystals of 30 µm in size with a thin sp2-carbon
surface layer were synthesized on a Mo substrate heated at 1273 K for 1.5 h. When the synthesis
duration was doubled, and the substrate temperature was decreased to 1073 K, the denser film
with rhombic-dodecahedron diamond crystals was grown. In this case, the thinnest hydrogenated
sp2-carbon coating was detected on the surface of the diamond crystals.
Keywords: diamond film; high-speed gas flow; jet-deposition; surface coating; XPS; NEXAFS
1. Introduction
The development of new technical strategies for the rapid synthesis of high-quality diamond
films remains an attractive and challenging task. A combination of properties, namely good electrical
insulation, high hardness, excellent thermal conductivity, low dielectric constant, and transparency in
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a wide wavelength range makes diamonds well suited for mechanical, thermal, optical, and electronic
applications [1–4]. Thin diamond films can be used as a coating for cutting tools [5], fiber-optic low
coherence sensors [6], biosensors [7], ultraviolet photodetectors [4], etc. The conductive diamond
films can be applied as an electrode for electrochemistry, electrosynthesis, and electrocatalysis [8].
Polycrystalline diamond films synthesized usingthe energy-assisted chemical vapor deposition (CVD)
method enable these properties to be optimized, controlled, and exploited for various purposes [3,9].
The CVD technique is based on the dissociation of carbon-containing precursor molecules on the
surface of a solid substrate and the subsequent reaction between the decomposition products with the
formation of a diamond film.
For activation of carbon-containing gas, thermal methods (hot-filament) or electric discharge (DC,
RF, or microwave) are usually applied. Thermal activation of precursor gases by a hot filament (HF) is
widely used to produce synthetic diamond structures [1,10–13]. The advantages of this method are
its low cost, simplicity, scalability, and ability to use it to coat surfaces of complex relief. In HF CVD,
the precursor gases, usually a mixture of CH4 and H2 is activatedby a carburized tungsten or tantalum
filament that is heated by an electric current to a temperature of approximately 2500 K. The main role
of the hot-filament is to generate methyl radicals, which are precursors of diamond phase growth,
and atomic hydrogen. Atomic hydrogen was found to etch graphite co-deposits much faster than
diamond species, thus promoting the growth of large diamond crystals [14]. However, due to the upper
temperature limit of the filament material, the concentration of atomic hydrogen in HF CVD syntheses
is significantly lower than that in plasma-activated CVD processes. The higher filament temperature is
better for the diamond growth, but the carbon film formed on the metallic surface of the hot filament
deactivates it [10]. Moreover, the diamond growth rate depends on the ability of hydrocarbon and
hydrogen free radicals to be transported to the substrate before their spontaneous recombination.
In the classical HF CVD method, the diamond growth rate is limited by the number of collisions
of molecules with the hot filament and diffusion of the dissociated species to a substrate. Moreover,
partial cooling of active particles occurs near the cold surface of the substrate. The HF CVD method
provides relatively low growth rates (1–15 µm/h) as compared with plasma-chemical methods
(<200 µm/h) [10,15–18]. In recent years, gas-jet modification of the HF CVD method has been actively
developed. The advantages and problems of the gas-jet process for the growth of diamond using
heated tungsten channels are described in [13,19–24]. A distinctive feature of this approach is the use of
heterogeneous dissociation processes during multiple collisions of molecules with a hot surface [19,25].
High-speed supply of precursor gases through a hot filament allows increasing the concentration of
dissociated species because of multiple collisions of gas molecules with the hot surface and some
freezing of chemical reactions inside the jet. The jet increases the feed rate of high-energy particles,
especially heavy carbon-containing ones, to the substrate, which can be additionally heated to increase
the concentration of carbon and improve atomic connectivity in the diamond film. The gas-jet method
can significantly increase the energy of the interaction of carbon-containing species with the heated
substrate due to their acceleration in the jet. The gas-jet approach allows one to provide deposition
conditions different from the classical HF CVD method, where the delivery of active components to the
substrate occurs due to their diffusion, allowing an increase in the growth rate of the diamond phase.
Here we use the newly developed design of an experimental gas-jet reactor in which high-speed jets of
methane and hydrogen were fed separately through the internal and external channels of a hot spiral
tungsten filament [22]. Such separate activation of gases allows producing a high concentration of
atomic hydrogen and hydrocarbons at extremely high temperatures (about 2700 K).
Numerous studies about HF CVD syntheses of diamond films with micro- or nano-crystalline
diamond particles, a columnar structure, or individual particles can be found in the literature [26–28].
The nucleation density, size, and crystallographic morphology of particles usually depend on the
synthesis conditions. In the case of the gas-jet variant of the HF CVD technique, there is no experimental
experience in the deposition of diamond films with different sizes and shapes. Thus, the question of
adjustment of the scheme of this synthesis to produce the film with a specific morphology requires
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further research. Our previous study revealed that the gas-jet deposition using jets of CH4-H2 mixtures
results in formation of diamond particles with an average size of 30 µm and a rhombic dodecahedral
shape [24]. The small particles with sizes between 10 and 100 nm were found to be located on the
surface of the microcrystals and in the crevices between the well-formed diamond planes. The diamond
films consisting of both micro- and nanocrystals exhibit better adhesive properties due to the interfaces
formed between the crystals [29]. Since the high speed of the diamond growth is one of the advantages
of the gas-jet technique, the predominantly produced microcrystalline diamond films can be used as a
wear-resistance coating for cutting tools or for heat dissipation in electrical appliances, as well as for
heat resistance substrates. For improving the adhesion of the diamond film, we used the Mo substrate
since molybdenum has a coefficient of linear expansion (5 × 10−6 K−1) similar to that for diamond
(~10−6 K−1) [30,31], and a high density of nucleation centers (108 cm−2) [32,33].
The growth rate, morphology, atomic, and crystalline structure of diamond films produced
at different power of thermal activation, methane and hydrogen flow rates, duration of synthesis,
and substrate temperature have been studied using a set of modern non-destructive characterization
tools. The surface composition and chemical bonding have been investigated in details by X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy.
The surface state of the diamond crystals is one of the determining factors that affect some functional
properties, for example, optical transparency and electrical conductivity.
2. Materials and Methods
2.1. Synthesis
The synthesis of diamond films was performed by the gas-jet synthesis method in an experimental
setup described in detail elsewhere [22]. The principle of operation of the experimental setup is shown
in Figure 1. A high-speed jet of methane mixed with hydrogen was injected into the inner channel
of a cylindrical reactor for thermal activation of gases. The rate of methane flow (Rm) was varied
from 10 to 30 sccm, and the hydrogen flow rate was 1500 sccm. The hydrogen jet with a flow rate at
1500 or 3500 sccm was supplied simultaneously to an annular channel located outside of the activator.
The spiral-shaped reactor made of tungsten resistively heated the jet of the gases at a power (P) of 900,
1700 or 1800 W. The temperature of the activator was estimated to reach 2400 K for 900 W, 2600 K for
1700 W, and 2700 K for 1800 W. The separate injection of methane and hydrogen was used to prevent
carbidization of the tungsten activator;that allowed us to increase the heating power and consequently
the concentration of H atoms. Thermal activation of methane and hydrogen jets yielded a high-speed
flow of H atoms and CHx radicals, which were required for successful diamond growth.
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Figure 1. Scheme of the synthesis process of diamond films using the thermally activated gas-jet method.
The flow of the activated gas mixture was deposited on a transverse Mo substrate at temperature
Ts. The small distance between the reactor and the substrate (L=1 cm) and the rapid transfer of radicals
to the metal surface can significantly increase the diamond growth rate. Pure molybdenum foil with
a diameter of 20 mm and a thickness of 250 µm, or that covered with nanodiamond seeds using an
ultrasonically treated suspension, were used as substrates. The pressure in the reactor was 20 Torr
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during experiments. Three samples were synthesized at different parameters, such as heating power
of the activator, external hydrogen flow ratio, methane flow ratio, temperatures of the heater and
substrates, synthesis duration, and nanodiamond seeds on the substrates (Table 1).
Table 1. Heating power (P), flow rate of hydrogen (RH) and methane (Rm), substrate temperature (Ts),
presence of diamond seeds, and synthesis duration for Samples 1–3.
Sample P, W RH, Sccm Rm, Sccm
Substrate
Duration, h
Diamond Seeds Ts, K
Sample 1 900 1500 10 yes 1273 3
Sample 2 1700 3500 30 no 1273 1.5
Sample 3 1800 3500 30 no 1073 3
2.2. Characterization
Morphology of the samples was investigated by scanning electron microscopy (SEM) on aS-3400N
(Hitachi Ltd., Berkshire, UK) microscope and on a JSM 6700F (JEOL Ltd., Tokyo, Japan) microscope.
The images were obtained at 20 kV accelerating voltage in secondary electrons mode. Raman spectra
were measured with a LabRAM HR Evolution (Horiba, Kyoto, Japan) spectrometer using the Ar+ laser
with a wavelength of 514 nm. XPS spectra were recorded on a Phoibos 150 (SPECS GmbH, Berlin,
Germany) spectrometer using a monochromatized Al Kα radiation (1486.7 eV). The pass energy of the
electron energy analyzer was set at 20 eV. The base pressure for the measurements was ~10−9 mbar.
The C 1s-spectra were fittedviaGaussian–Lorentzian functions with a full-width at half-maximum
(FWHM) of 1.5–1.7eV. NEXAFS experiments were performed at Russian–German beamline at the
Berliner ElektronenspeicherringfürSynchrotronstrahlung (BESSY II), the Helmholtz-Zentrum Berlin
(Germany)using monochromatized synchrotron radiation in the soft X-ray region. NEXAFS spectra
near the C K-edge were acquired in the total electron yield (TEY) and Auger electron yield (AEY) modes.
3. Results
Figure 2 shows SEM images of the surface of the diamond films produced at different synthesis
parameters. In all cases, micro-sized particles of different shapes unevenly covered the surfaces of the
Mo substrates. Sample 1 consisted of spherically shaped microparticles with surface carbon flakes
(Figure 2a). The sizes of these agglomerates are less than 10µm. Since nanodiamond seeds were used
during the synthesis, it can be suggested that products of the gas-jet synthesis covered these grains
during the growth process. Note that the particles of the shapes characteristic for diamond crystals
were not observed in Sample 1. That means that conditions used for the synthesis of Sample 1 did not
promote nucleation and growth of large diamond crystals. However, the crystals have been grown
successfullyin Samples 2 and 3 (Figure 2b,c). The biggest octahedral diamond crystals of ca.30 µm in
size and without a visible amorphous phase were found in Sample 2 (Figure 2b). Moreover, grown
together diamond crystals and secondary nucleation on the surface side of the diamond octahedrons
were observed in this sample. The high-density film consisted of almost perfect diamond crystals was
identified in Sample 3 (Figure 2c). Here the diamond crystals had a rhombic-dodecahedron shape and
the largest variation in size from 5 to 30 µm. The presence of small crystals indicates that diamond
nucleation can occur continuously. Most crystals stacked together covering almost all area of the
substrate surface. Diamond growth rate was calculated as the ratio between the diameter of the largest
particle and the synthesis duration. The growth rate for Sample 1 is 3 µm/h and it reaches 20 and
10 µm/h for Samples 2 and 3, respectively.According to SEM images, microcrystals of diamonds did
not fully cover the substrate surface. Despite that fact, the concentration of Mo on the surface of the
samples, which was estimated from the intensity of Mo 3d line in the overall XPS, is less than 4 at%.
This indicates a continuous coating of the substrate by carbon. Actually, SEM images taken with higher
magnification revealed the coating consisting of 10–500 nm nanodiamonds between the microparticles
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(Figure 2, bottom images). The formation of carbon fibers was observed in Sample 1, while mainly
cubic diamond particles completely covered the substrate.
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Figure 2. SEM images of the surface of diamond films: Sample 1 (a), Sample 2 (b) and Sample3(c),
grown at diff rent parameters of gas-jet synthesis. Bottom images were taken in the spaces
between microparticles.
Raman s ectra of samples measured at 514 nm wavelength are compared in Figure 3. The spectrum
of Sample 1 showed the G-mode peak at 1582 cm−1, which originates fr m stretching vibrations of
the bonds between sp2-hybridized car on atoms, and a disorder-induced D-mo e peak at 1350 cm−1
(Figure 3a). These two peaks are typical for materials containing sp2-carbon, graphitic-like or
amorphous [34–36]. According to published data, similar Raman features were observed in the
diamond thin film grown n silicon usingthe HF CVD method [37] and diamond-like films produced
by HF CVD and plasma-enhanced (PE) CVD with the addition of high argon concentratio [38,39].
In the case of polycrystalline di mond fil s, graphitic-like carbon can e loc ted on the surface of
diamond particles. The high intensity of the G- and D-pe ks in the spectrum of Sample 1 indicates
that the flakes that cover the spherical articles are composed of sp2-hybridized carbon. A narrow
intense peak at 1333 cm−1 arisen from the diamond crystal structure [40] dominated i Raman spectra
of Samples 2 and 3 (Figure 3b,c). The spectrum of Sample 2 additionally showed weak ide peaks
at around 1540 cm−1, a wide band between 1250 and 1400 cm−1, and sl i c r from
photoluminescence. The broad band at 1540 cm−1 is usually attributed to diamond-like carbon [41],
while the wide band at 1250–1400 cm−1 could be assigned to amorphous sp3-bonded carbon [42].
The full width at half maximum (FWHM) of the 1333 cm−1 diamond peak was estimated to be 15 cm−1
for Sample 2 and 11 cm−1 for Sample 3. The smaller peak width for Sample 3 is more probably
due to the better crystal structure of the diamond particles. This value is similar to the FWHM of
4.7–11.6 cm−1 observed for microwave PE CVD diamond films [43]. The absence of any peaks at
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1500–1600 cm−1 indicates that Sample 3 is high-quality diamond films with minimal quantities of the
non-diamond components.
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Raman spectroscopy provides information on molecular vibrations and local crystal structure of
the samples, while XPS and NEXAFSare the best tools for probing the composition and local atomic
environment of elements and chemical bonding. To study the chemical states of carbon atoms located
in the bulk of diamond particles, we measured NEXAFS C K-edge spectra in TEY mode providing a
probing depth of about 10 nm [44,45]. The NEXAFS spectroscopy in AEY mode has a much lower
probing depth because the inelastic mean free path of low-energy Auger electrons is less than ca.1 nm.
Thus, in combination with XPS it was used to establish the presence of graphitic carbon and other
chemical functionalities on the surface of diamond crystals [46,47].
The NEXAFS C K-spectra of samples measured in TEY mode (Figure 4I) exhibited a peak at
289.4 eV arising from 1s→σ* electron transitions within the sp3–hybridized diamond carbon and a gap
at 302.5 eV corresponding to the second absolute gap in the diamond band structure [48]. The presence
of these diamond features in NEXAFS spectra confirms the formation of diamond crystals in all
samples. The absence of the diamond peak in the Raman spectrum of Sample 1 indicates a small
size of diamond crystals and their poorly ordered structure overall. A high intensity and sharpness
of the diamond resonance observed in the spectrum of Sample 3 (Figure 4Ic) confirm the formation
of big and high-quality crystals. The features observed in the NEXAFS C K-spectra at 285.4 and
291.7 eV correspond to electron transitions from 1s levels to pi* and σ* states within the sp2-hybridized
carbon atoms [49]. Two features at 286 and 287 eV arise from hydrogenated and oxygenated carbon
atoms [50]. Contributions by non-diamond carbon were significant in the spectra of Samples 1 and 2
(Figure 4Ia,b) and minimal in the spectrum of Sample 3 (Figure 4Ic). NEXAFS spectra measured in
AEY mode (Figure 4II) did not reveal spectral features fro the diamond phase on the surface of all
studied samples. However, intense features arisen from sp2-carbon and hydrogenated and oxygenated
carbon were observed. That confirms the location of these species on the surface of the diamond
crystals. It is notable that such surface carbon hasa different composition in the samples produced
under different conditions. Graphitic-like carbon is responsible for the intense peak at 285.4 eV in
the spectrum of Sample 1 (Figure 4IIa), but its concentration decreases in other samples and most
substantially in Sample 3 (Figure 4IIc). The peaks corresponding to surface C–H and C–O bonds had
comparable intensities in the spectrum of Sample 1; however, the former peak dominated in the spectra
of Samples 2 and 3.
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hydrogen. These two processes were separated in the space of the reactor using two gas jets. That 
helped to keep the activity of tungsten filament at high temperatures. The supply of hydrogen and 
carbon precursor as two separate gas jets at high speeds through the external and internal spaces of 
Figure 4. NEXAFS C K-edge spectra of Sample 1 (a), Sample 2 (b), and Sample3(c) grown at different
parameters of gas-jet synthesis. The spectra were measured in TEY (I) and AEY (II) modes.
The XPS C 1s spectra measured at 1486.74 eV examined the samples to a depth of less than
10 nm [51]. Four components fitted the spectra (Figure 5). The peak at 284.0–284.5 eV corresponds to
sp2-hybridized graphitic-like and/or amorphous carbon growing together with the diamond phase
in most experimental cases [38,52]. The component at 285.3 eV is attributed to carbon atoms in the
sp3-hybridized state, realizing in both the diamond phase and hydrogenated diamond surface [24,53].
The oxygen-containing surface ether and hydroxide groups give a C–O peak at 286.0 eV, while the C=O
peak at 287.5 eV arises from carbonyl groups [54,55]. Analysis of the literature showed that similar
chemical states of carbon were found in the XPS C 1s spectra of diamond-like carbon films deposited
by microwave CVD [56] and thin diamond films synthesized by plasma-assisted CVD [57].
According to the fitting results, concentration of graphitic-like carbon in the surface layer is no
more than 10 at% for all samples. The spectrum of Sample 1 exhibited a weak peak from sp2-carbon,
and it was dominated by an oxygen-related peak at 286.0 eV (Figure 5a). Since oxygen was not
introduced in the synthesis process, we propose that disordered graphitic-like surface carbon contained
many dangling-bond defects that formed chemical bonds with oxygen atoms when the sample came
in contact with laboratory air. It means that the surface of aggregates in Sample 1 are covered
mainly by oxygenated carbon. This fraction is the smallest in Sample 3, whose surface is likely to
consist of hydrogenated carbon (Figure 5c). Sample 2 is in an intermediate state, with remarkable
oxygen-containing groups and sp3-hybridizied carbon (Figure 5b).
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4. Discussion
HF-assisted CVD has been widely used for the synthesis of thin dia ond films t low pressure
because of its low cost, simplicity, reproducibility, mass production and uniform diamond deposition
over larg area. However, the classical HF CVD method has a low nucle tion density and a l w
gr wth rate of diamond for wide industrial applications. Here the diamond growth was suggested to
be enhance by using high-power thermal activatio HF CVD and a high concent ation of carbon
precursors. The hot filament has two functions: to decompos the carbon precu sor o carbon–hydrogen
radicals and to generate large am nts of atomic hydrogen by the diss ciation of molecular hydrogen.
These two processes were separated in the space re ctor using two gas jets. That helped to keep
the activity of ungsten filament at high temp ratures. The supply of h drogen a carb n p ecursor
as t o separate ga jets at high speeds through the external nd internal spaces of the tungsten spiral,
heated above 2400 K, promoted the dissoc ation of hydrogen and methane, the fast delivery of free
radicals to the substrate, nd increased the diamond growth r te.
We found the parame r window where the growth of diamond crystals is re lized fficiently.
Differ t characteristic too s were applied to study the morphology, composition, and structure of
produced diamond samples. The findings on the morphology and urface st te of the diamond crystals
are schematically illustrated in Figure 6. In contrast to the classical HF CVD, where solid polycrys alline
dia ond fi ms often cover the substrates uniformly [38], our films ar not uniform and individual
diamo d crystals with siz s between about 6 and 30 µm are observed clearly. For many years seeding
or abrading with diamond powder were used for better ucleation and deposition of dia ond films
In our case, nanodiamond seeds used for the synthesis of Sam l 1 did not improve the concentration,
size, and quality of the diamond particles. Thus, we conclude that this trick is n t suitable fo the
gas-jet deposition technique. Sample 1 was synthesis under a lower heating power of 900 W (estimated
temperature was ca.2400 K) and a low concertation of hydrogen flow (1500 sccm) and methane flow
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(10 sccm). According to SEM and NEXAFS data, amorphous particles of size 10 µm with small-size
diamond cores and thick amorphous carbon shells were grown in this sample. XPS revealed that
defect sites occurred in the carbon surface of these particles, interacting easily with oxygen-containing
molecules of air.Materials 2020, 13, x FOR PEER REVIEW 9 of 13 
 
 
Figure 6. Schematic illustration of diamond film morphology and surface state for the samples grown 
at different heating power, methane and hydrogen flow rates, and synthesis duration. 
It should be noted that our synthesis was carried out for a relatively short time (1.5 h for Sample 
2 and 3 h for Sample 3), which is several times lower than that used in classical HF CVD methods. 
Despite the short synthesis time, 30 μm large diamonds grew. The growth rate for Samples 2 and 3 
was estimated to be about 20 and 10 μm/h, respectively.These valuesare several times higher than 
growth rate in classical HF CVD. When the synthesis duration was increased to 3 h in Sample 3, the 
nucleation density increased, a denser diamond film was formed, and diamond crystals of smaller 
size were grown. We suggest that these changes in the morphology of diamond crystals are mainly 
determined by the mechanism of particle formation. A recent study of diamond growth mechanism 
in the HF CVD process revealed that diamond nuclei are formed in the gas phase and these 
nanoparticles formed in the gas phase are the building blocks for diamond films [58]. It can explain 
why, in the case of longer synthesis of Sample 3, the restoration of dimples and imperfections in 
diamond crystals, as well as the nucleation of new crystals onto the substrate surface and their growth 
happened. We believe that a solid diamond film could be grown by increasing the duration of the 
synthesis. 
5. Conclusions 
Diamond films were synthesized using the deposition of thermally activated high-speed jets of 
methane and hydrogen, which were spatially separated. Such an experimental approach allowed 
increasing the activator power without carbidization of its surface and the concentration of the atomic 
hydrogen. This contributed to the dissociation of hydrogen and methane, increasing the 
concentration of hydrogen and methyl radicals, which are required for the successful growth of 
diamonds. The diamond films grown at a different power of the heating activator, different flow rates 
of methane and hydrogen, and the different duration of the synthesis have been investigated by SEM, 
Raman scattering, XPS, and NEXAFS spectroscopies. It was shown that the diamond micro-crystals 
of 30 μm in size were grown on the Mo substrates when the power of heating was 1700–1800 W, 
which corresponded to the temperature of the tungsten heater of ca. 2700 K. While spherical 
microparticles with a large fraction of oxygenated graphitic-like carbon were grown at the low 
heating power of 900 W (2400 K) and twice lower hydrogen and methane flow rates,an increase in 
Figure 6. Schematic illustration of diamond film morphology and surface state for the samples grown
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Samples 2 and 3 were synthesized at higher heating powers of 1700 and 1800 W (the estimated
temperatures were ca. 2600 and 2700 K, respectively). Moreover, for both samples, the concentration of
molecular hydrogen was two times higher than in the synthesis of Sample 1, while the concentration
of methane was tripled. These changes caused an increase in the concentration of atomic hydrogen,
which is believed to etch the sp2-carbon phase much faster than the diamond phase. Indeed, the diamond
crystals with a more perfect crystal shape and structure were found in Sample 2 and 3. The phase
identification of deposited films examined by Raman spectroscopy confirmed formation of diamond
crystals of good quality.
It should be noted that our synthesis was carried out for a relatively short time (1.5 h for Sample
2 and 3 h for Sample 3), which is several times lower than that used in classical HF CVD methods.
Despite the short synthesis time, 30 µm large diamonds grew. The growth rate for Samples 2 and 3 was
estimated to be about 20 and 10 µm/h, respectively.These valuesare several times higher than growth
rate in classical HF CVD. When the synthesis duration was increased to 3 h in Sample 3, the nucleation
density increased, a denser diamond film was formed, and diamond crystals of smaller size were
grown. We suggest that these changes in the morphology of diamond crystals are mainly determined
by the mechanism of particle formation. A recent study of diamond growth mechanism in the HF CVD
process revealed that diamond nuclei are formed in the gas phase and these nanoparticles formed in
the gas phase are the building blocks for diamon films [58]. I can explain why, in the cas of longer
synthesis of Sample 3, the restoration of dimples and imperfections in diamond crystals, s we l as the
ucleation of new crystals onto t e substrate surface and their growth happened. We believe that a
solid diamond film could b grown by increasing the duration of the synthesis.
Materials 2020, 13, 219 10 of 13
5. Conclusions
Diamond films were synthesized using the deposition of thermally activated high-speed jets of
methane and hydrogen, which were spatially separated. Such an experimental approach allowed
increasing the activator power without carbidization of its surface and the concentration of the atomic
hydrogen. This contributed to the dissociation of hydrogen and methane, increasing the concentration of
hydrogen and methyl radicals, which are required for the successful growth of diamonds. The diamond
films grown at a different power of the heating activator, different flow rates of methane and hydrogen,
and the different duration of the synthesis have been investigated by SEM, Raman scattering, XPS,
and NEXAFS spectroscopies. It was shown that the diamond micro-crystals of 30 µm in size were
grown on the Mo substrates when the power of heating was 1700–1800 W, which corresponded to the
temperature of the tungsten heater of ca. 2700 K. While spherical microparticles with a large fraction of
oxygenated graphitic-like carbon were grown at the low heating power of 900 W (2400 K) and twice
lower hydrogen and methane flow rates, an increase in the synthesis duration from 1.5 to 3 h improved
the quality of the crystals and increased their density on the substrate. Moreover, this caused the change
of an octahedron shape of the diamond crystals to a rhombic-dodecahedron one. The diamond growth
rate was estimated to reach 20 µm/h. The concentration of surface sp2-hybridized and oxygenated
carbon decreased with an increase in the heating power, the flow rate of hydrogen and methane,
and the duration of the synthesis. The diamond films with surface coatings containing sp2-hybridized
and hydrogenated carbon of ~2nm thick were obtained. Thus, we demonstrated that by changing the
parameters of the synthesis, the diamond films with different morphology, density, and chemical states
of the surface can be synthesized. Controlled synthesis with specified structural and surface properties
of diamond is essential for their further thermophysical, optic, and electronic applications.
Author Contributions: Investigation, Y.V.F., D.V.G., K.I.B., I.P.A., L.G.B., A.A.M., I.B.Y., M.Y.P. and A.A.E.;
conceptualization, A.K.R. and A.V.O.; supervision, A.K.R. and A.V.O. All authors have read and agreed to the
published version of the manuscript.
Funding: The work was financially supported by the Russian Foundation for Basic Research (Grant№18-29-19069)
and the bilateral Program “Russian-German Laboratory at BESSY II” in the part of NEXAFS measurements.
Acknowledgments: We are grateful to B. A. Kolesov for the Raman spectra, E.A. Maksimovskiy for SEM images.
The XPS studies were conducted using the equipment of the Center of Collective Use “National Center of
Catalyst Research”.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. May, P.W. Diamond Thin Films: A 21st-Century Material. Philos. Trans. R. Soc. Lond. A 2000, 358, 473–495.
[CrossRef]
2. Coe, S.E.; Sussmann, R.S. Optical, Thermal and Mechanical Properties of CVD Diamond. Diam. Relat. Mater.
2000, 9, 1726–1729. [CrossRef]
3. Balmer, R.S.; Brandon, J.R.; Clewes, S.L.; Dhillon, H.K.; Dodson, J.M.; Friel, I.; Inglis, P.N.; Madgwick, T.D.;
Markham, M.L.; Mollart, T.P.; et al. Chemical Vapour Deposition Synthetic Diamond: Materials, Technology
and Applications. J. Phys. Condens. Matter 2009, 21, 364221. [CrossRef] [PubMed]
4. Lu, Y.-J.; Lin, C.-N.; Shan, C.-X. Optoelectronic Diamond: Growth, Properties, and Photodetection
Applications. Adv. Opt. Mater. 2018, 6, 1800359. [CrossRef]
5. Reineck, I.; Sjöstrand, M.E.; Karner, J.; Pedrazzini, M. Diamond Coated Cutting Tools. Int. J. Refract. Met.
Hard Mater. 1996, 14, 187–193. [CrossRef]
6. Milewska, D.; Karpienko, K.; Je˛drzejewska-Szczerska, M. Application of Thin Diamond Films in
Low-Coherence Fiber-Optic FabryPérot Displacement Sensor. Diam. Relat. Mater. 2016, 64, 169–176.
[CrossRef]
7. Härtl, A.; Schmich, E.; Garrido, J.A.; Hernando, J.; Catharino, S.C.R.; Walter, S.; Feulner, P.; Kromka, A.;
Steinmüller, D.; Stutzmann, M. Protein-Modified Nanocrystalline Diamond Thin Films for Biosensor
Applications. Nat. Mater. 2004, 3, 736–742. [CrossRef]
Materials 2020, 13, 219 11 of 13
8. Yang, N.; Yu, S.; Macpherson, J.V.; Einag, Y.; Zhao, H.; Zhao, G.; Greg, M.; Swain, G.M.; Jiang, X. Conductive
Diamond: Synthesis, Properties, and Electrochemical Applications. Chem. Soc. Rev. 2019, 48, 157–204.
[CrossRef]
9. Liu, H.; Dandy, D.S. Studies on Nucleation Process in Diamond CVD: An Overview of Recent Developments.
Diam. Relat. Mater. 1995, 4, 1173–1188. [CrossRef]
10. Amaral, M.; Fernandes, A.J.S.; Vila, M.; Oliveira, F.J.; Silva, R.F. Growth Rate Improvements in the
Hot-Filament CVD Deposition of Nanocrystalline Diamond. Diam. Relat. Mater. 2006, 15, 1822–1827.
[CrossRef]
11. Hirmke, J.; Schwarz, S.; Rottmair, C.; Rosiwal, S.M.; Singer, R.F. Diamond Single Crystal Growth in Hot
Filament CVD. Diam. Relat. Mater. 2006, 15, 536–541. [CrossRef]
12. Khmelnitskii, R.A. Prospects for the Synthesis of Large Single-Crystal Diamonds. Phys. Uspekhi 2015, 58,
134–149. [CrossRef]
13. Rebrov, A.K. Possibilities of Gas Phase Synthesis of Diamond Structures From Mixtures of Hydrogen and
Hydrocarbons. Phys. Uspekhi 2017, 60, 179–186. [CrossRef]
14. Kanai, C.; Watanabe, K.; Takakuwa, Y. Ab Initio Calculations on Etching of Graphite and Diamond Surfaces
by Atomic Hydrogen. Phys. Rev. B. 2001, 63, 235311. [CrossRef]
15. Shin, S.-D.; Hwang, N.M.; Kim, D.-Y. High Rate of Diamond Deposition through Graphite Etching in a Hot
Filament CVD Reactor. Diam. Relat. Mater. 2002, 11, 1337–1343. [CrossRef]
16. Tabakoya, T.; Kanada, S.; Wakui, Y.; Takamori, Y.; Yamada, T.; Nagai, M.; Kojima, Y.; Ariyada, O.; Yamasaki, S.;
Nebel, C.E.; et al. High-Rate Growth of Single-Crystalline Diamond (100) Films by Hot-Filament Chemical
Vapor Deposition with Tantalum Filaments at 3000 ◦C. Phys. Status Solidi A 2019, 1900244. [CrossRef]
17. Din, S.H.; Shah, M.A.; Sheikh, N.A.; Butt, M.M. CVD Diamond. Trans. Indian Inst. Met. 2019, 72, 1–9.
[CrossRef]
18. Harada, Y.; Hishinuma, R.; Spătaru, N.; Sakurai, Y.; Miyasaka, K.; Terashima, C.; Uetsuka, H.; Suzuki, N.;
Fujishima, A.; Kondo, T.; et al. High-Speed Synthesis of Heavily Boron-Doped Diamond Films by In-Liquid
Microwave Plasma CVD. Diam. Relat. Mater. 2019, 92, 41–46. [CrossRef]
19. Rebrov, A.K.; Andreev, M.N.; B’yadovskiy, T.T.; Kubrak, K.V.; Yudin, I.B. The Reactor–Activator for Gas-Jet
Deposition of Diamond Structures. Rev. Sci. Instrum. 2016, 87, 103902. [CrossRef]
20. Rebrov, A. Gas Jet Deposition of Diamond Structures by Thermal Activation on an Expanded Surface.
Diam. Relat. Mater. 2017, 72, 20–25. [CrossRef]
21. Emel’yanov, A.A.; Rebrov, A.K.; Yudin, I.B. Gas-Jet Synthesis of Diamond-Like Films From an H2+CH4 Gas
Mixture Flow. J. Appl. Mech. Tech. Phys. 2014, 55, 270–275. [CrossRef]
22. Emelyanov, A.A.; Plotnikov, M.Y.; Yudin, I.B. Influence of the Conditions of Methane Decomposition on
Gas-Jet Synthesis of Diamond Structures. In Journal of Physics: Conference Series; IOP Publishing: Bristol, UK,
2018; Volume 1105, p. 012120. [CrossRef]
23. Rebrov, A.K.; Yudin, I.B. Heterogeneous Physical and Chemical Processes in a Rarefied-Gas Flow in Channels.
Dokl. Phys. 2016, 61, 223–226. [CrossRef]
24. Fedoseeva, Y.V.; Kubrak, K.V.; Bulusheva, L.G.; Maksimovskiy, E.A.; Smirnov, D.A.; Rebrov, A.K.;
Okotrub, A.V. Multiscale Characterization of Synthetic Diamonds Obtained by Gas-Jet Deposition. In Journal
of Physics: Conference Series; IOP Publishing: Bristol, UK, 2018; Volume 1105, p. 012132. [CrossRef]
25. Plotnikov, M.Y.; Shkarupa, E.V. Heterogeneous Activation of Rarefied Hydrogen in Thin Tubes. Vacuum
2016, 129, 31–37. [CrossRef]
26. Wei, Q.; Yu, Z.M.; Ashfold, M.N.R.; Ye, J.; Ma, L. Synthesis of Micro- or Nano-Crystalline Diamond Films on
WC-Co Substrates With Various Pretreatments by Hot Filament Chemical Vapor Deposition. Appl. Surf. Sci.
2010, 256, 4357–4364. [CrossRef]
27. Feng, J.; Li, S.; Luo, H.; Wei, Q.; Wang, B.; Li, J.; Hu, D.; Mei, J.; Yu, Z. Preparation and Characterization of
Ultrananocrystalline Diamond Films in H2/Ar/CH4 Gas Mixtures System With Novel Filament Structure.
J. Cent. South Univ. 2015, 22, 4097–4104. [CrossRef]
28. Mertens, M.; Lin, I.-N.; Manoharan, D.; Moeinian, A.; Brühne, K.; Fecht, H.J. Structural Properties of Highly
Conductive Ultra-Nanocrystalline Diamond Films Grown by Hot-Filament CVD. AIP Adv. 2017, 7, 015312.
[CrossRef]
Materials 2020, 13, 219 12 of 13
29. Yan, G.; Wu, Y.; Cristea, D.; Liu, L.; Tierean, M.; Wang, Y.; Lu, F.; Wang, H.; Yuan, Z.; Munteanu, D.;
et al. Mechanical Properties and Wear Behavior of Multi-Layer Diamond Films Deposited by Hot-Filament
Chemical Vapor Deposition. Appl. Surf. Sci. 2019, 494, 411401–411403. [CrossRef]
30. Hidnert, P.; Gero, W.B. Thermal expansion of molybdenum. Natl. Bur. Stand. Tech. News Bull. 1924, 19,
429–444. [CrossRef]
31. Moelle, C.; Klose, S.; Szücs, F.; Fecht, H.J.; Johnston, C.; Chalker, P.R.; Werner, M. Measurement and
Calculation of the Thermal Expansion Coefficient of Diamond. Diam. Relat. Mater. 1997, 6, 839–842.
[CrossRef]
32. Francois, N.; Kim, S.H.; Park, Y.S.; Lee, J.-W.; Hahn, I.T.; Yun, W.S. Effect of Substrate on the Characteristics
of the Interface Between Diamond Film and Substrate. Diam. Relat. Mater. 1997, 61, 959–963l. [CrossRef]
33. Liu, H.; Dandy, D.S. Diamond Chemical Vapor Deposition Nucleation and Early Growth Stages; Noyes Publications:
Park Ridge, NJ, USA, 1995.
34. Chu, P.K.; Li, L. Characterization of Amorphous and Nanocrystalline Carbon Films. Mater. Chem. Phys. 2006,
96, 253–277. [CrossRef]
35. Ferrari, A.C. Raman Spectroscopy of Graphene and Graphite: Disorder, Electron–Phonon Coupling, Doping
and Nonadiabatic Effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]
36. Fedoseeva, Y.V.; Pozdnyakov, G.A.; Okotrub, A.V.; Kanygina, M.A.; Nastaushev, Y.V.; Vilkov, O.Y.;
Bulusheva, L.G. Effect of Substrate Temperature on the Structure of Amorphous Oxygenated Hydrocarbon
Films Grown with a Pulsed Supersonic Methane Plasma Flow. Appl. Surf. Sci. 2016, 385, 464–471. [CrossRef]
37. Kromka, A.; Breza, J.; Kadlecˇíá, M.; Janík, J.; Balon, F. Identification of Carbon Phases and Analysis of
Diamond/Substrate Interfaces by Raman Spectroscopy. Carbon 2005, 43, 425–429. [CrossRef]
38. Baranauskas, V.; Peterlevitz, A.C.; Ceragioli, H.J.; Durrant, S.F. Micro-Crystalline Diamond and Nano-Carbon
Structures Produced Using a High Argon Concentration in Hot-Filament Chemical Vapor Deposition. J. Vac.
Sci. Technol. A 2001, 19, 1057–1062. [CrossRef]
39. Yang, W.J.; Choa, Y.-H.; Sekino, T.; Shim, K.B.; Niihara, K.; Auh, K.H. Structural Characteristics of
Diamond-Like Nanocomposite Films Grown by PECVD. Mater. Lett. 2003, 57, 3305–3310. [CrossRef]
40. Solin, S.A.; Ramdas, A.K. Raman Spectrum of Diamond. Phys. Rev. B 1970, 1, 1687. [CrossRef]
41. Dowling, D.P.; Ahern, M.J.; Kelly, T.C.; Meenan, B.J.; Brown, N.M.D.; O’Connor, G.M.; Glynn, T.J.
Characterization Study of Diamond and Diamond-Like Carbon. Surf. Coat. Technol. 1992, 53, 177–183.
[CrossRef]
42. Prawer, S.; Nugent, K.W.; Jamieson, D.N.; Orwa, J.O.; Bursill, L.A.; Peng, J.L. The Raman Spectrum of
Nanocrystalline Diamond. Chem. Phys. Lett. 2000, 332, 93–97. [CrossRef]
43. Hung, C.C.; Shih, H.C. Experimental Design Method Applied to Microwave Plasma Enhanced Chemical
Vapor Deposition Diamond Films. J. Cryst. Growth 2001, 233, 723–729. [CrossRef]
44. Coffman, F.L.; Cao, R.; Pianetta, P.A.; Kapoor, S.; Kelly, M.; Terminello, L.J. Near-Edge X-Ray Absorption of
Carbon Materials for Determining Bond Hybridization in Mixed sp2/sp3 Bonded Materials. Appl. Phys. Lett.
1996, 69, 568–570. [CrossRef]
45. Hähner, G. Near Edge X-ray Absorption Fine Structure Spectroscopy as a Tool to Probe Electronic and
Structural Properties of Thin Organic Films and Liquids. Chem. Soc. Rev. 2006, 35, 1244–1255. [CrossRef]
[PubMed]
46. Guenette, M.C.; Deslandes, A.; Samuell, C.M.; Tadich, A.; Thomsen, L.; Cowie, B.C.C.; Corr, C.S.;
Riley, D.P. NEXAFS Spectroscopy of CVD Diamond Films Exposed to Fusion Relevant Hydrogen Plasma.
Diam. Relat. Mater. 2013, 34, 45–49. [CrossRef]
47. Wilson, J.I.B.; Walton, J.S.; Beamson, G. Analysis of Chemical Vapour Deposited Diamond Films by X-ray
Photoelectron Spectroscopy. J. Electron Spectrosc. Relat. Phenom. 2001, 121, 183–201. [CrossRef]
48. Okotrub, A.V.; Bulusheva, L.G.; Larionova, I.S.; Kuznetsov, V.L.; Molodtsov, S.L. Surface Electronic Structure
of Detonation Nanodiamonds After Oxidative Treatment. Diam. Relat. Mater. 2007, 16, 2090–2092. [CrossRef]
49. Okotrub, A.V.; Bulusheva, L.G.; Kuznetsov, V.L.; Vyalikh, D.V.; Poyguin, M.V. Electronic Structure of
Diamond/Graphite Composite Nanoparticles. Eur. Phys. J. D 2005, 34, 157–160. [CrossRef]
50. Hamilton, T.; Kurmaev, E.Z.; Shamin, S.N.; Detkov, P.Y.; Chukhaeva, S.I.; Moewes, A. Soft X-ray Absorption
and Emission Characterization of Nanodiamond Prepared by Explosive Detonation. Diam. Relat. Mater.
2007, 16, 350–352. [CrossRef]
Materials 2020, 13, 219 13 of 13
51. Tanuma, S.; Powell, C.J.; Penn, D.R. Calculations of Electron Inelastic Mean Free Paths. VIII. Data for 15
Elemental Solids Over the 50–2000 eV Range. Surf. Interface Anal. 2005, 36, 1–14. [CrossRef]
52. Ling, P.X. The Synthesis of Large-Area Diamond Thin Films Using Straight Tungsten Wires Mounted Under
Tension as the Filaments. Mater. Sci. Eng. 1992, 14, L15–L19. [CrossRef]
53. Zemek, J.; Houdkova, J.; Lesiak, B.; Jablonski, A.; Potmesil, J.; Vanecek, M. Electron Spectroscopy of
Nanocrystalline Diamond Surfaces. J. Optoelectron. Adv. Mater. 2006, 8, 2133–2138.
54. Rakha, S.A.; Jianqing, C.; Huihao, X.; Guojun, Y.; Zhu, D.; Gong, J. Incorporation of Hydrogen in Diamond
Thin Films. Diam. Relat. Mater. 2009, 18, 1247–1252. [CrossRef]
55. Fedoseeva, Y.V.; Bulusheva, L.G.; Okotrub, A.V.; Kanygin, M.A.; Gorodetskiy, D.V.; Asanov, I.P.; Vyalikh, D.V.;
Puzyr, A.P.; Bondar, V.S. Field Emission Luminescence of Nanodiamonds Deposited on the Aligned Carbon
Nanotube Array. Sci. Rep. 2015, 5, 9379. [CrossRef] [PubMed]
56. Dey, R.M.; Pandey, M.; Bhattacharyya, D.; Patil, D.S.; Kulkarni, S.K. Diamond Like Carbon Coatings
Deposited by Microwave PLasma CVD: XPS and Ellipsometric Studies. Bull. Mater. Sci. 2007, 30, 541–546.
[CrossRef]
57. Humbert, B.; Hellala, N.; Jacques, J.; Barrat, E.; Bauer-grosse, E. X-ray Photoelectron and Raman Studies of
Microwave Plasma Assisted ChemicalVapour Deposition (PACVD) Diamond Films. Appl. Surf. Sci. 2008,
254, 6400–6409. [CrossRef]
58. Song, C.W.; Jin, R.; Yang, J.-W.; Hwang, N.-M.; Kim, K.H. Formation of Pentagonal Dimples in Icosahedral
Diamond Crystals Grown by Hot Filament Chemical Vapor Deposition: Approach by Non-Classical
Crystallization. Coatings 2019, 9, 269. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
